THE ABNORMAL circulatory response to the Valsalva maneuver, which occurs in some patients having heart failure, has been recognized for over 20 years,1' 2 yet despite the continued interest of circulatory physiologists, its mechanism remains incompletely understood. The abnormal response is characterized either by an unchanged or an increased pulse pressure during straining, and by either a "square wave" pattern in the arterial pressure tracing, or by a fall in the diastolic blood pressure following release of the strain. There is no associated change in the heart rate. It has been suggested that the increase in pulse pressure during the straining phase in some patients may be due to an increased stroke volume. 3 Filling pressure-cardiac output curve tions of instantaneous aortic blood flow in patients manifesting this abnormal pressor response to the Valsalva maneuver have not been previously reported. The following study was undertaken to measure the beatto-beat changes in aortic blood pressure and flow during the Valsalva maneuver in five patients having heart failure. Method Five adult male patients in the Durham Veterans Administration Hospital, ranging in age from 35 to 52 years (mean 45 years), were studied during the course of diagnostic cardiac catheterization. The informed consent from each patient was obtained. Four patients had clinical histories and physical findings compatible with idiopathic myocardial hypertrophy. The remaining patient was thought to manifest a myocardiopathy of undefined etiology. All patients had elevated central venous pressures, cardiomegaly, and loud third heart sounds; none was found to have significant valvular disease. All were symptomatically class III or IV according to the New York Heart Association Functional Classification.
Phasic blood flow and pressure were estimated in the ascending aorta during the Valsalva maneuver by the pressure-gradient technique.4 This method is based on an approximate solution of the Navier-Stokes equations of fluid motion which relate the pressure gradient to the flow. Ascending aortic pressure is measured at two places, and the pressure difference is computed. Although this pressure difference is small and its accurate measurement quite difficult, the technique has been experimentally evaluated in the dog aorta and found to yield a valid estimate of phasic flow.5 Furthermore, the method has been applied successfully in this laboratory6' 7 and in others8 9 to measure phasic blood pressure and flow in the ascending aorta of the intact human subject. The instrumental techniques, manometric accuracy requirements, and calibration procedures used in our laboratory have been previously described in detail elsewhere. 10 A specially designed 6.5 French double-lumen catheter having lateral pressure taps separated by 4 cm was inserted percutaneously into the femoral artery and advanced under fluoroscopic control until the tip was about 2 cm above the aortic valve. The pressure differences between the lateral taps and the phasic blood flow were computed instantaneously by a Donner Model #3400 analog computer.10 In addition, pressure from the distal lumen of the catheter was recorded. Following a suitable control period, the patients were asked to perform a standard Valsalva maneuver of 40 mm Hg intraoral pressure. All data were recorded on an Electronics for Medicine optical recorder at a paper speed of 100 mm/sec.
In evaluating the recordings, zero flow was assumed at the end of diastole. Stroke volume was obtained by planimetric integration of the flow curves; peak velocity and peak flow were measured directly as the maximum deflection. Systolic and diastolic arterial pressures were measured directly and both mean pressure and pulse pressure calculated. The duration of ventricular systole was measured from the onset of the Q wave of the electrocardiogram to the end of forward flow; ventricular ejection was measured from the flow tracing as the period of forward flow. These data were obtained from a heart beat during the control period, the third beat after the onset of straining, a beat during the middle of the strain and just prior to release, and six beats following the release of strain. Paired beats were used in one patient who developed pulsus alternans during the maneuver. Conventional statistical techniques were used in the evaluation of the data." 
Results
The duration of the phase of straining ranged from 10 to 26 seconds (mean 16 seconds); none of the patients was able to maintain a prolonged strain. Pertinent hemodynamic data are summarized in table 1 and Mean data, expressed as percent of control values, and standard error (crossed bars) for the following parameters: SV, stroke volume; pulse pressure; MAP, mean arterial pressure; peak flow; and heart rate. The periods in which the data were obtained are listed at the top of the figure. illustrated in figure 1 . Under control conditions the mean stroke volume for all five subjects was 26 cm3 SE + 3 and the simultaneously recorded mean blood pressure was 92 mm Hg SE ±3. Three beats after the onset of straining, the stroke volume rose to 33 cm3 SE + 5 and the mean arterial pressure to 117 mm Hg SE + 10. The patient with the cardiomyopathy of obscure origin demonstrated a response of an intermediate nature. In this patient although the systemic arterial pressor response was maintained throughout the phase of straining, stroke volume did not change appreciably from the control value. In the four patients in whom stroke volume increased with the onset of straining, paired data analysis revealed significant changes in both stroke volume (P < 0.01) and mean arterial pressure (P <0.05). By mid-strain, the stroke volume had fallen to 30 cm3 SE +3; the mean arterial blood pressure was unchanged at 118 mm Hg SE 8. By the end of the straining period, just prior to release, Circulation, Volume XXXVIII, August 1968 stroke volume had fallen below control values (25 cm3 SE +±3), whereas mean arterial blood pressure remained elevated at 123 mm Hg SE ±8. Six beats following release, all parameters returned to control values. Duration of systole and heart rate were essentially unchanged throughout the Valsalva maneuver. Both during and after the Valsalva maneuver, peak velocity, peak flow, pulse pressure, and duration of ejection tended to follow stroke volume (table 1 and fig. 1 ). Figure 2 illustrates the development of pulsus alternans in a patient manifesting an abnormal pressor response during a Valsalva maneuver. During the control period (Panel A) the stroke volume was 33 cm3, and mean blood pressure, 100 mm Hg. Pulsus alternans began following a premature ventricular beat occurring early during straining, and persisted after release. At mid-strain (Panel B) both flow and pressure were increased in both the weaker and stronger beats (34 cm3, 127 mm Hg and 38 cm3, 126 mm Hg, respectively). Just prior to release (Panel C) flow had fallen below control on the weaker beat (26 cm3), and to control on the stronger (33 cm3), yet the increased mean pressure (132 mm Hg) was maintained essentially unchanged in both beats. After release, stroke volume was 31 cm3 and 35 cm3 on the weaker and stronger beats, respectively, while mean pressure was slightly lower than control.
Discussion
In normal subjects performing a Valsalva maneuver, the onset of straining is accompanied by an increase in systemic arterial pressure that lasts for 6 to 8 seconds12 and is proportional to the rise in intrathoracic pressure. The change in blood pressure is not the result of "squeezing blood out of the heart and lungs," as was formerly believed. 13 Studies have shown that the stroke volume remains unchanged with the onset of straining in the normal subject.7 14 Mean arterial blood pressure, pulse pressure, and stroke volume decrease markedly during the continued strain; a secondary rise in blood pressure occurs later in the straining phase. A further fall in all three parameters is noted upon release, and is then followed by an overshoot in both blood pressure and stroke volume.7 Elevation of the diastolic blood pressure after release is regarded as evidence for vasoconstriction during the late portion of straining.3 The finding of a late rise in blood pressure during straining in the presence of a decreasing stroke volume tends to confirm this interpretation.7
The mechanisms responsible for the pressor response during the Valsalva maneuver have not been defined. On the basis of an observed increase in pulse pressure during the Valsalva maneuver, Sharpey-Schafer postulated that stroke volume was increased.3 According to his hypothesis, the Valsalva maneuver reduces effective ventricular filling pressure thereby shortening myocardial fiber length. In the failing heart that is on the descending limb of a Starling (filling pressurestroke volume) curve, this will augment stroke volume. It would follow that in pa-tients in whom the stroke volume did not decrease, the ventricle was functioning on the flat portion of this curve.15 A second hypothe-sis13 does not require a significant change in filling pressure or myocardial fiber length. Instead, because of an already full venous bed, blood can neither be sequestered in the venous system during the straining period, nor suddenly released upon discontinuing the strain. Thus, the increase in arterial pressure simply reflects the change in intrathoracic pressure. This report documents for the first time that the rise in arterial blood pressure is accompanied by an increase in stroke volume both with the onset of straining and at midstrain. This finding is consistent with the first hypothesis, but does not altogether exclude the second.
The further late rise in mean arterial pressure in the presence of a falling stroke volume is of interest and suggests that vasoconstriction occurs, as in normal subjects, near the termination of the straining phase. However, the lack of an overshoot in blood pressure after release and the constant heart rate seem incompatible with a significant degree of vasoconstriction. A steadily rising intrathoracic pressure during the strain might account for this late rise in arterial blood pressure. In three of the five patients reported herein, oral pressure was monitored during the straining and remained constant. In the other two patients oral pressure was not monitored, but because their results were qualitatively similar, it was assumed that these patients performed the maneuver in the same way as the other three. The arterial blood pressure responses are similar to those seen in normal subjects performing a Valsalva maneuver during norepinephrine infusion, although in the latter no secondary increase in blood pressure occurs during the late portion of straining.12 At present there appears to be no altemative than vasoconstriction by which to explain the rise in arterial blood pressure during late straining. A possible explanation for the fall in stroke volume near the end of straining depends upon the redistribution of blood to the extrem-Circulation, Volume XXXVIII, August 1968 ities secondary to improved ventricular performance during the strain. When peripheral venous pressure rises sufficiently to overcome the intrathoracic venous pressure, venous return to the heart increases, and ventricular filling pressure and myocardial fiber length correspondingly increase. This causes the failing heart to fall back to the descending limb of a Starling curve, resulting in the decrease in stroke volume.
